For a multiple access system, the receiver needs to separate the desired signal from the superposition of signals generated by multiple users with user-specific feature. We propose to employ the unique channel gain between each user and the receiver to recover the desired signal, and the proposed technique allows multiple users to share the same feature in multiple access systems.
I. INTRODUCTION
Multiple access (MA) techniques are essential for multiple users to share the same bandwidth in the mobile communication systems, e.g., code division multiple access (CDMA) for the third generation (3G) mobile telecommunications and orthogonal frequency division multiple access (OFDMA) for the fourth generation (4G) systems. In recent years, many MA techniques have been proposed such as the interleave division multiple access (IDMA) [1] , non-orthogonal multiple access (NOMA) [2] , low-density signature CDMA (LDS-CDMA) [3] , sparse code multiple access (SCMA) [4] and many more. Each of these MA works aims to either increase the sum rate of all users or serve more users in a limited bandwidth. For an MA system, each user needs a unique feature so that the receiver can separate out the message of the desired user. In the conventional CDMA system, the unique feature is the user-specific signature sequence. In the IDMA system, the unique feature is the user-specific interleaver. In this paper, our goal is to demonstrate that P users can share the same bandwidth according to the unique channel gain of each user in the environment of independent fading channels, where P ≥ 1. Such a multiple access technique is referred to as gain division multiple access (GDMA) here. For NOMA in [2] , different users can be separated by distinct power levels. In our work, not only the amplitude of the channel gain (equivalently, the power level) but also the phase of the channel gain will be utilized for user separation. The superposition of 2 m -QAM This work was financially supported by the Ministry of Science and Technology of Taiwan under Grants MOST 106-2221-E-002 -027 -MY3. signals from the P collided users transmitted over independent fading channels can be viewed as a signal with 2 mP levels. Based on the unique channel coefficient of each user, the detector can recover the message of each user embedded in the multi-level signal. We specifically show the formulation of bit error rates (BERs) of uncoded GDMA for P = 2 and 3. The derived upper bounds indicate that the BERs of BPSK transmissions for P = 2 and 3 are respectively 50% and 133% higher than that for P = 1 in high SNR region.
Error-correcting codes (ECC) are usually used to enhance the system reliability. For a P -user GDMA system in which the P users employ the same binary low density parity check (LDPC) codes [5] [6] , the receiver can be implemented by using P binary decoders with the conventional sum product algorithm (SPA) to recover the messages. Alternatively, the receiver can be implemented by using a single non-binary decoder with generalized SPA (G-SPA) [7] to recover messages of all the P users simultaneously.
In the transmission over single-path fading channel, using a fixed-rate ECC can achieve very little coding gain. It is known that that Alamouti space-time coding can provide transmit diversity to enhance the error performance over the fading channel. By applying GDMA technique to the Alamouti spacetime scheme with two transmit antennas and one receive antenna, we find that the cost of increasing the number of users from P = 1 to P = 2 is the increase of signal-to-noise ratio (SNR) by about 2 dB, if the modulation scheme is BPSK.
II. GDMA RECEIVER
Consider a symbol-synchronous communication system in which P users share the same bandwidth. For user p, let b p = [b p (0), ..., b p (n), ..., b p (N −1)] be the bit sequence to be transmitted, where b p (n) ∈ {0, 1}. Denote the modulated sequence of user p as x p = [x p (0), ..., x p (i), ..., x p ( N m −1)], where x p (i) is a symbol of the 2 m -QAM constellation mapped fromb p (i) = [b p (im), ..., b p ((i + 1)m − 1)]. In this paper, we concentrate on uplink transmissions over the quasi-static Rayleigh fading channels with BPSK or QPSK modulation, i.e., m = 1 or 2.
We also assume that all users are perfectly aligned in time. The received sequence is r = [r(0), ..., r(i), ..., r( N m − 1)], where
h p is the complex Gaussian distributed channel gain between the receiver and user p, and w(i) is the complex additive white Gaussian noise with variance σ 2 = N0 2 in each dimension. Both the amplitude |h p | and the phase θ p of channel gain are useful in identifying user p.
For each i, there are 2 mP possible levels in the superimposed signal
Denote the 2 mP possible levels by S[0], S [1] , ..., S[l], ..., S[2 mP ] respectively. We use the a posteriori probability (APP) to recover the transmitted level of s(i) and the associated [b 1 (i), ...,b p (i), ..., b P (i)] from the observation of r(i). Such a detection technique is referred to as multi-level detection (MLDT) here. If 2 mP is not too great, the MLDT technique is efficient and its BER performance of transmission with collision (the P > 1 case) is not much deviated from that of the transmission without collision (the P = 1 case). We consider the uncoded system first. Hence, we let N/m = 1. The notations x p (i),b p (i), w(i), r(i) and s(i) are abbreviated as x p ,b p w, r and s respectively. We haveb p
At the receiver, the received signal is r = h 1 x 1 + ... + h P x P + w. We assume that the receiver has the information of h 1 , ...,h P . The APP for s given the received signal r is
where l = 0, 1, ..., 2 mP −1, Pr{s = S[l]} is the a priori probability for s and Pr
A. GDMA for P = 2 and 3 1) P = 2: Here, the users are denoted as user A and user B, respectively. The superimposed signal representing b A and b B transmitted from user A and user B is s, which should be one of the 2 2m levels in
In the following, we consider both the BPSK and QPSK transmissions.
For BPSK modulation, we have x p = (−1) bp , p ∈ {A, B}. When h A and h B are given, the possible levels of s are shown in TABLE I. 
The APP values for b A and b B given the received signal r are given by Pr
These LLRs can be used to estimate b A and b B or be fed to the following decoder if ECC is considered. For Gray-labelled QPSK modulation, the symbol mapped 
B. BER Analysis
By assuming that the a priori probability for each s is equally like, the bounds of BER for MLDT receiver with P = 2, or 3, over independent and identically distributed (i.i.d.) Rayleigh fading channels can be derived as follows. Let
where |h A |, |h B | and |h C | are i.i.d. Rayleigh distributed random variables. 1) P = 1, BPSK: It is known that the average BER of BPSK transmission over the Rayleigh fading channel [8] is
whereb A is the estimate of b A whilex A is the symbol mapped fromb A .
2) P = 2, BPSK: Given h A and h B , the BER of user A is
The Euclidean distance between S[0] and S[l] is 2|h A | for l = 2, and is 2|h A + h B | for l = 3. Moreover, the Euclidean distance between S[1] and S[l] is 2|h A − h B | for l = 2, and is 2|h A | for l = 3. Hence, an upper bound of Pr
can be derived as
Since 
From the symmetry, we have Pr
The overall average BER is
Since the BER of the collided transmission is higher than that of the non-collided transmission, the average BER for the BPSK modulation over Rayleigh fading channel with P = 1 can be regarded as the lower bound of the MLDT receiver.
3) P = 3, BPSK: Similar to (7) and (8), an upper bound of Pr(b A = b A |h A , h B , h C ) for P = 3 can be derived as,
Pr r − S(l) < r − S(l ) S(l ) .
(11)
For l = 4, 5, 6, and 7, the Euclidean distances between S[0] and S[l ] are 2|h A |, 2|h A + h C |, 2|h A + h B | and 2|h A + h B + h C |, respectively. For l = 1, 2, and 3, l = 4, 5, 6, and 7, the Euclidean distances between S[l] and S[l ] have similar expressions. With these properties, we can obtain an upper bound of the overall BER P b for P = 3 by using (11) and a procedure similar to those of (9) and (10) for P = 2, which is
(12) 4) QPSK: Consider P = 1. When h A is given, the BER
. The average BER using QPSK modulation over the Rayleigh Note that |(a + bj)h A + (c + dj)h B | is Rayleigh distributed and the variance is a 2 + b 2 + c 2 + d 2 times of that for |h A |. With (13), we can obtain an upper bound of P b = Pr(b A (0) = b A (0)) given by
5) Numerical Results: For a large x, the term 1 − x/(1 + x) can be approximated by 1/(2x). Hence, for BPSK with P = 1, we have P b ≈ 1/(4γ); for BPSK with P = 2, we have P b ≈ 3/(8γ); for BPSK with P = 3, we have P b ≈ 7/(12γ). When using BPSK modulation, we expect that for high SNR, the penalty for doubling the number of users is the increase of BER by about 50% and for tripling the number of users is the increase of BER by about 133%.
For QPSK with P = 1, we have P b ≈ 1/(2γ). For QPSK with P = 2, we have P b ≈ 15/(8γ). When using QPSK modulation, the comparison of upper bounds indicates that for high SNR, the penalty for doubling the number of users is the increase of BER by about 275%. Fig. 1 shows the analytical results obtained from (6) to (14) and the simulation results, where E b /N 0 denotes the average of E b /N 0 over the Rayleigh fading channel. For BPSK transmissions, E b /N 0 = γ. For QPSK transmissions, E b /N 0 = γ/2. We see that the simulation results are very close to the analytic prediction for moderate or high E b /N 0 .
III. CODED GDMA
Consider a symbol-synchronous coded system in which P users transmit signals over independent quasi-static Rayleigh fading channels. For user p, a message block d p of length K is encoded into a codeword b p of length N by an errorcorrecting code V . The transmitter with P = 2 is illustrated in Fig. 3 .
We consider the design of GDMA receiver as shown in Fig. 4 for which the MLDT is followed by a soft information processor that takes the APPs of all the 2 mP levels for s(i) with i = 0, 1, ..., N/m−1 as input and generates the estimates of d p for each user p with p = 1, 2, ..., P . If the ECC V is a binary LDPC code, the soft information processor can be a combination of multiple decoders using sum-product algorithms (SPA) or a single decoder using generalized SPA (G-SPA). If the ECC V is a polar code, the soft information processor can be a combination of multiple successive cancellation list decoders.
The single-path Rayleigh fading channel is considered in the simulations. Fig. 2 shows the block error rate (BLER) of an LDPC-coded and BPSK-modulated GDMA system with P = 1, 2 and 3, where the (3, 6)-regular (1008, 504) LDPC code [9] is used. The number of iterations for both SPA and G-SPA is set to 50. In the LDPC-coded GDMA system for P = 3, using either three SPA decoders or a single G-SPA decoder can achieve similar BLER performances which are at most 100% higher than those of the P = 1 case. For P = 2, using either two SPA decoders or a single G-SPA decoder can achieve similar BLER performances which are at most 33% higher than those of the P = 1 case in high SNR region. 
IV. GDMA FOR ALAMOUTI SCHEME
In this section, we apply the GDMA technique to Alamouti space-time coded system. The total number of users is P . The receiver has one antenna and each of the P transmitters has two antennas. The transmitter and the receiver block diagrams are shown in Fig. 5 and 6 respectively. Assuming that P = 2, the received signals r = [r 1 , r 2 ] in two symbol intervals are For simplicity, we consider the noise-free case for illustration. By using the channel coefficients of user-A {h A,1 , h A,2 } as the channel state information, the output decision statistics x A = [ x A,1 , x A,2 ] of the signal combiner can be written as There are four decision statistics x A,1 , x A,2 , x B,1 and x B,2 , and each of them can be seen as a eight-level superimposed signal if the signals are BPSK-modulated. The decision statistics can be further detected by MLDT receiver. The BER performance is shown in Fig. 7 . We see that for the Alamouti scheme, the cost of increasing the number of users from P = 1 to P = 2 is the increase of required SNR by about 2 dB.
V. CONCLUSIONS
We propose the concept of GDMA which uses an MLDT technique to allow multiple users to transmit signals over independent fading channels simultaneously and share the same bandwidth. The GDMA technique can double or triple the number of users for multiple access systems with the price of some degradation of BER performances. When the transmissions are over independent fading channels, the proposed technique does not require additional resource and hence can be easily combined with other multiple access systems.
